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Abstract. Most of the short-lived biogenic and anthro-
pogenic chemical species that are emitted into the atmo-
sphere break down efﬁciently by reaction with OH and do
not reach the stratosphere. Here we show the existence of a
pronounced minimum in the tropospheric column of ozone
over the West Paciﬁc, the main source region for strato-
spheric air, and suggest a corresponding minimum of the tro-
pospheric column of OH. This has the potential to amplify
the impact of surface emissions on the stratospheric compo-
sition compared to the impact when assuming globally uni-
form OH conditions. Speciﬁcally, the role of emissions of
biogenic halogenated species for the stratospheric halogen
budget and the role of increasing emissions of SO2 in South-
east Asia or from minor volcanic eruptions for the increasing
stratospheric aerosol loading need to be reassessed in light
of these ﬁndings. This is also important since climate change
will further modify OH abundances and emissions of halo-
genated species. Our study is based on ozone sonde mea-
surements carried out during the TransBrom cruise with the
RV Sonne roughly along 140–150◦ E in October 2009 and
corroborating ozone and OH measurements from satellites,
aircraft campaigns and FTIR instruments. Model calcula-
tions with the GEOS-Chem Chemistry and Transport Model
(CTM) and the ATLAS CTM are used to simulate the tropo-
spheric OH distribution over the West Paciﬁc and the trans-
port pathways to the stratosphere. The potential effect of the
OH minimum on species transported into the stratosphere is
shown via modeling the transport and chemistry of CH2Br2
and SO2.
1 Introduction
The overall composition of the stratosphere is mainly deter-
mined by species that ascend from the surface through the
troposphere into the stratosphere. Reactions with OH radi-
cals in the troposphere break down many short-lived species
into soluble products, that are removed by rainout or deposi-
tion on ice that forms near the temperature minimum at the
tropopause (WMO, 2011). Hence, the presence of OH in the
troposphereshieldsthestratospherefrommanysurfaceemis-
sions and is particularly relevant for compounds that do not
photolyse efﬁciently.
Some important studies were based on ﬁxed uniform mix-
ing ratios of OH or ﬁxed lifetimes of the species that are de-
stroyed by OH in the past (Liang et al., 2010; WMO, 2011,
cf. chapter 1.3.3). But the degree of temporal and spatial
variability of tropospheric OH is the subject of ongoing de-
bate (Hanisco et al., 2001; Lelieveld et al., 2004; Berglen
et al., 2004; Manning et al., 2005; Rohrer and Berresheim,
2006; Montzka et al., 2011). There are still systematic dis-
crepancies between models and observations for the spatial
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distribution of OH (Naik et al., 2013). The variability of OH
is key not only for the supply of chemical species to the
stratosphere but also for the atmospheric lifetimes of many
greenhouse gases and for deriving their source terms from
measurements of their atmospheric abundances (Manning
et al., 2005).
A major source of OH in clean tropospheric air is forma-
tion through:
O3 +hν → O(1D)+O2 (R1)
O(1D)+H2O → OH+OH. (R2)
This couples the OH concentration and hence the oxidizing
capacity of tropospheric air closely to the ozone concentra-
tion (Levy II, 1971; Jaeglé et al., 2001). The OH concen-
tration further depends on the concentration of NO, which
controls the conversion of HO2 into OH (Gao et al., 2014):
HO2 +NO → OH+NO2. (R3)
Reactions (R1) and (R2) provide an efﬁcient loss mechanism
for ozone (Liu et al., 1983). The efﬁciency is a function of ac-
tinic ﬂuxes at λ < 340nm (in clear sky conditions mostly de-
termined by overhead ozone and solar zenith angle) and con-
centration of water vapor, with higher air temperatures cor-
responding to higher water concentrations and faster ozone
loss.
This favors ozone loss over the westernmost tropical Pa-
ciﬁc, where marine boundary layer air temperature is highest
globally and overhead ozone lowest (e.g., Kley et al., 1996).
Odd oxygen (O3+O) lifetime (which determines the effective
lifetime of ozone) drops to less than a week under these con-
ditions near the surface (e.g., Kley et al., 1996). The odd oxy-
gen lifetime increases steeply with altitude due to decreasing
temperature which leads to lower water vapor.
High sea surface temperatures also favor strong convective
activity in the tropical West Paciﬁc, which can lead to low
ozone mixing ratios in the convective outﬂow regions in the
upper troposphere in spite of the increased lifetime of odd
oxygen.
Due to the general low and mid-tropospheric advection
from the east by the Walker circulation across the vast Pa-
ciﬁc, air above the tropical westernmost Paciﬁc has been
in a clean, warm and humid environment for a long time
and loss of odd oxygen and of ozone precursors like NOx
(= NO+NO2, NOx is lost by conversion into HNO3 fol-
lowed by washout) proceeded longer than elsewhere in the
tropics.
The West Paciﬁc warm pool is also the major source re-
gion for stratospheric air (e.g., Newell and Gould-Stewart,
1981; Fueglistaler et al., 2004). Hence, the region of short
odd oxygen lifetimes and the source region of stratospheric
air are coincident.
Removal of species depends on the oxidation efﬁciency
along the air mass trajectories between the boundary layer
and the tropopause. Near the tropical tropopause, air masses
go through their temperature minimum, denoted the La-
grangian Cold Point (LCP), experience their ﬁnal conden-
sation of water and the last removal of soluble species by de-
position takes place (e.g., Fueglistaler et al., 2004). Any later
breakdown of species can only change the stratospheric bal-
ance between species but not the total budgets of e.g., halo-
gens or sulfur. It has been shown that most air masses reach
their LCP above the West Paciﬁc (Fueglistaler et al., 2004;
Bonazzola and Haynes, 2004; Krüger et al., 2008) and we
will show here that the source region in the boundary layer
and the transit region in the troposphere are also situated in
the same region.
In Sect. 2 we present ozone sonde measurements car-
ried out during the TransBrom cruise with the RV Sonne
roughly along 140–150◦ E in October 2009. Corroborating
ozone measurements are from the TES and OMI/MLS satel-
lite instruments, from other ozone sondes launched in the
tropics and from FTIR and lidar instruments. In addition, OH
measurements from the STRAT and PEM-Tropics B aircraft
campaigns are discussed. These data show a pronounced
ozone minimum in the West Paciﬁc and suggest a OH mini-
mum in the same region. In Sect. 3 we show that the GEOS-
Chem CTM simulates a corresponding OH minimum in the
West Paciﬁc and that GEOS-Chem compares well to exist-
ing measurements. In Sect. 4 we show trajectory calculations
that conﬁrm that the main source region for stratospheric air
is coincident with the OH minimum. In Sect. 5 we show the
effect of the low OH values on species that are transported
into the stratosphere at the example of CH2Br2 and SO2. The
conclusions are given in Sect. 6.
2 Measurements of OH and ozone
2.1 Ozone proﬁle measurements
InformationontroposphericozoneproﬁlesfromtheWestPa-
ciﬁc warm pool has been limited so far. Measurements from
the southeast edge of the warm pool in 1993 carried out on
the Research Vessel (RV) Vickers and on Christmas Island
during the CEPEX campaign (Kley et al., 1996; Lawrence
et al., 1999) and lidar measurements carried out during the
PEM-Tropics B campaign onboard the NASA DC-8 aircraft
(Browell et al., 2001, Plate 5) show extremely low ozone in
the marine boundary layer and in the upper troposphere, the
main outﬂow region of convection. Individual proﬁles from
the stations Samoa, Fiji, Tahiti and Christmas Island further
southeast (Solomon et al., 2005; Takashima et al., 2008) and
from Indonesian stations Pontianak and Kototabang slightly
to the west (Fujiwara et al., 2003) also show very low ozone
values, typically occuring in some ten percent of the mea-
surements. Kley et al. (1996) derived a reduced oxidizing
capacity of the tropopause region above the Central Paciﬁc
from his data.
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Fig. 1. Western Paciﬁc tropospheric ozone mixing ratios from bal-
loon sondes as a function of altitude. The legend shows date and lat-
itude of each sounding. Gray shading indicates detection limit (left)
and soundings with ozone abundances mostly below the detection
limit (right).
Figure 1 shows our tropospheric ozone mixing ratios
determined by sonde measurements conducted during the
TransBrom cruise with the RV Sonne roughly along 140–
150◦ E in October 2009 (Krüger and Quack, 2013). In all six
proﬁles in the central part of the warm pool between 15◦ N
and 10◦ S ozone was at or below the detection limit through-
out the troposphere (about 15ppb, see Appendix A for dis-
cussion of the detection limit and robustness of the mea-
surements). The measurements are conﬁrmed by simultane-
ous FTIR measurements of ozone on the RV Sonne (Ridder
et al., 2012). Figure 5 in Ridder et al. (2012) shows excellent
agreement between ozone columns from ozone sondes and
the FTIR instrument.
Loss in the boundary layer combined with convectively
driven vertical mixing is the most likely explanation for the
near zero values of ozone throughout the troposphere (see
also Browell et al., 2001; Kley et al., 1996; Solomon et al.,
2005).
Note that the CEPEX data has been analyzed based on
a correction due to the electrical background current in the
ozone sonde measurement cell that is now believed to lead to
an underestimate of the real ozone abundance and has a con-
siderable low bias compared to our measurements (Vömel
and Diaz, 2010). The result of running our raw data through
an analysis similar to the one used for the CEPEX data
deﬁnes the lower limit of the uncertainty range shown in
Fig. A1 in Appendix A. This approach used with our data
results in negative ozone values throughout much of the tro-
posphere for most of our tropical soundings.
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Fig. 2. OH vs. solar zenith angle (SZA) for measurements above
11km during STRAT (10s averages). Color indicates ozone mixing
ratio. The black line represents the compact relation reported by
Hanisco et al. (2001). The red circle indicates air masses from the
WestPaciﬁcwithextremelylowozoneandOH.Fortheseairmasses
NO is also extremely low (below 108 moleculescm−3, not shown).
Our ozone sonde measurements from the RVSonne are
from the key region of troposphere-to-stratosphere transport
(see discussion in Sect. 4) and from the region where satel-
lite measurements show a pronounced ozone minimum (see
Sect. 2.3). The PEM-Tropics B measurements and the mea-
surements from the RV Vickers are from the edge of the
ozone minimum and the edge of the region of troposphere-
to-stratosphere transport.
2.2 Aircraft measurements of OH
In situ measurements of OH during the PEM-Tropics B cam-
paign carried out with the ATHOS instrument on the NASA
DC-8 aircraft in a vast region between 150◦ E and 90◦ W
show typical mixing ratios of OH between 0.1 and 0.2ppt,
with little sign of a spatial gradient (Tan et al., 2001). Unfor-
tunately, the ﬂights just missed the region where our model
runs simulate the lowest OH values, but the results agree well
with the model results in that region (see Section 3). Note
that there is some seasonal variation in OH abundances (e.g.,
Berglen et al., 2004).
In situ measurements in the tropopause region close
to Hawaii during STRAT (Stratospheric Tracers of Atmo-
spheric Transport), a NASA campaign with the ER-2 high
altitude research aircraft, include O3, NO and OH (Fig. 2).
A patch of air originating from the convective outﬂow area
in the West Paciﬁc was probed, which was transported to
Hawaii by tropopause level advection (red circle in Fig. 2,
corresponding air mass trajectory shown in Fig. 3). This air
was characterized by extremely low ozone and NO. Low NO
further reduces OH concentrations due to Reaction (R3). OH
concentrations in this air mass are up to a factor of four
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smaller than those observed in the compact OH vs. solar
zenith angle relation reported by Hanisco et al. (2001) for
similar altitudes.
The data was collected using a suite of in situ instru-
ments onboard the NASA ER-2 high-altitude research air-
craft during the STRAT ﬁeld mission, which occurred in the
1995–1996 period. OH and HO2 were measured with a laser-
induced ﬂuorescence instrument (Wennberg et al., 1994). O3
was measured by a dual-beam UV photometer (Profﬁtt and
McLaughlin, 1983). Measurements of NO were made with
a chemiluminescence detector (Gao et al., 1997). Tempera-
ture and pressure were obtained using the onboard meteoro-
logical measurement system (Scott et al., 1990). The cam-
paign carried out measurements in the vicinity of Hawaii.
During a portion of a ﬂight track at 20.37–22.19◦ N, 159◦ W
a patch of air was sampled that originated from the ozone
minimum in the West Paciﬁc. A 12day back trajectory of
that airmass is shown in Fig. 3. The trajectory was calculated
by the ATLAS trajectory model driven by ERA-Interim data
(see Sect. 4 for details).
2.3 Satellite measurements of ozone
The ship and aircraft measurements only provide local snap-
shots of atmospheric conditions. We have used measure-
ments of the satellite borne Tropospheric Emission Spec-
trometer (TES) to assess the geographical extent and persis-
tence of the tropospheric ozone minimum.
Figure 4a shows the monthly mean tropospheric ozone
column for October 2009 from TES. The data are in good
agreement with the sonde data (shown as open circles) and
combined OMI/MLS satellite data (Ziemke et al., 2006;
Joiner et al., 2009), conﬁrming the pronounced tropospheric
ozone minimum above the warm pool.
The satellite data show that this feature is persistent and
present during all years of TES measurements. Figure 5
shows monthly averaged data for January, April, July, and
October for the years 2005–2009. The data show that inter-
annual variability is fairly low. The location of the minimum
moves towards the central Paciﬁc during El Niño conditions,
which are part of the ENSO variability (El Niño/Southern
Oscillation). Both the second half of 2006 and 2009 (Octo-
ber panels) were El Niño periods. The ozone minimum is
present year round but shows some annual cycle and is least
pronounced in January.
Tropospheric ozone columns for Figs. 4a and 5 were cal-
culated from all available Level 2 proﬁle data by integrat-
ing the mixing ratios between the surface and 150hPa (ap-
plying recommended quality checking, see Osterman, 2013).
Monthly means were calculated by binning the satellite mea-
surements of a particular month. This was done to enable
construction of global maps as daily satellite sampling is too
coarse with respect to longitude. Differences between satel-
lite and sonde measurements shown in Fig. 4a are within the
range of the day-to-day variations shown by TES.
3 Model calculations of OH and ozone
To further understand the measurements, we used the tro-
pospheric GEOS-Chem Chemistry and Transport Model
(CTM) to examine the geographical extent of the tropo-
spheric ozone minimum and of the inferred OH minimum.
Model runs were designed to cover the RV Sonne cruise. De-
tails of the model runs are given in Ridder et al. (2012). The
spatial extent of the OH minimum is not directly observable
by measurements due to a lack of OH measurements.
Figure 4b and c show the modeled distribution of the tro-
pospheric ozone and OH columns in the tropics averaged
overtheﬁrsthalfofOctober2009.Pronouncedminimainthe
tropospheric columns of ozone and OH are present over the
westernmost tropical Paciﬁc. Uncertainties of global model
calculations are inherently difﬁcult to quantify. The model
results shown here are sensitive on clouds and water vapor
concentration in the study region. A proper quantiﬁcation of
the uncertainties of the model results would require to prop-
agate the uncertainties of dozens of input parameters and
boundary conditions through the model (e.g., Kawa et al.,
2009), an approach that is not possible for a global model
study. However, Ridder et al. (2012) showed that the GEOS-
Chem calculation used here reproduces ozone and CO obser-
vations very well. In particular, their Fig. 5 shows excellent
agreement between ozone sondes, FTIR measurements and
modeled ozone both in the proﬁle and the column. Also, the
main features of the ozone distribution are robust among a
wide range of tropospheric CTMs (Stevenson et al., 2006).
These results increase our conﬁdence in the the ability of
GEOS-Chem to reproduce the main chemical mechanisms
in the study region well. However, due to the uncertainties
mentioned above, to robustly quantify the level of OH in the
area of the tropical West Paciﬁc will require comprehensive
in-situ measurements of OH in that area.
Figure 6 shows modeled equatorial OH proﬁles averaged
over the ﬁrst half of October 2009. The area between the
green lines shows the region of the OH minimum in Fig. 4c.
In the region of the OH minimum, the OH mixing ratio is
consistently below 0.1ppt at all altitudes, and locally even
below 0.05ppt. In the Paciﬁc outside of the OH minimum,
whereOHmeasurementsweretakenonboardtheNASADC-
8 during PEM-Tropics B (Tan et al., 2001), typical mixing
ratios of 0.1–0.2ppt are modeled. This compares very well
with the OH measurements of Tan et al. (2001) when consid-
ering the uncertainty of the measurements and the different
time period.
Figure 4 of Berglen et al. (2004) and Figure 1 of Lelieveld
et al. (2004) also show low OH values in the boundary layer
in the West Paciﬁc for the TM3 and OsloCTM2 tropospheric
CTMs, respectively. However, these boundary layer values
are not directly comparable to the OH columns shown in
Fig. 4c. All of these models show discrepancies in the ex-
tent and location of the low OH values. The temporal and
spatial variability of tropospheric OH is still the subject of
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Fig. 3. 12day back trajectory (red line) ending close to Hawaii of the air mass, which is indicated by the red circle in Fig. 2. Color indicates
the tropospheric ozone column from GEOS-Chem as in Fig. 4b.
an ongoing debate (e.g., Naik et al., 2013). While there is
evidence from the good agreement of our model runs with
measurements that the OH minimum actually exists, obser-
vations of OH in the tropical West Paciﬁc are required to es-
tablish a robust basis for assessments of the OH ﬁeld in this
key geographical region.
Sources of uncertainty of our model runs include not only
source gas emissions and water vapor abundance, but also
details regarding the ozone photolysis (Naik et al., 2013).
Photolysis rates will not only be inﬂuenced by assumptions
on the stratospheric overhead ozone column, but also by the
assumptions on clouds, which play a large role in the convec-
tively active West Paciﬁc.
Another modeling study directly related to our results has
been performed by Lawrence et al. (1999). Lawrence et al.
(1999) were able to reproduce the main features of the ozone
proﬁles measured during CEPEX in the ozone minimum
(Kley et al., 1996) with the MATCH-MPIC CTM and con-
clude that convective pumping is responsible for the low
ozone values in the upper troposphere.
4 Air mass origin
We used the Lagrangian Chemistry and Transport Model AT-
LAS to determine the area in which air masses pass through
the troposphere between their last contact with the bound-
ary layer and the LCP (Fig. 4d and Fig. 7) and to calculate
the area in the boundary layer where the air masses originate
(Fig. 4e and Fig. 8).
ATLAS is a global Chemistry and Transport Model based
on a Lagrangian (trajectory-based) transport and mixing
scheme (Wohltmann and Rex, 2009; Wohltmann et al.,
2010). Here we use the trajectory module of the model
in a stand-alone mode. Trajectory calculations are driven
by ECMWF (European Centre for Medium-Range Weather
Forecasts) ERA-Interim reanalysis data (Dee et al., 2011).
The vertical coordinate of ATLAS is a hybrid pressure-
potential temperature coordinate. Corresponding vertical
motions are calculated from the vertical winds and the heat-
ing rates (including clouds) provided by ERA-Interim. For
ten years (2002–2011) trajectory runs were started on 400K
on 31 January between 30◦ S and 30◦ N on a 2◦×2◦ grid and
run backward in time for 120 days. Time and location of the
passagesthroughtheLCPandthe800hPalevel(roughlycor-
responding to the top of the planetary boundary layer) were
recorded for every trajectory.
Figures 4d and 7 show the density distribution function
(trajectory air parcels per area) of all locations of the tra-
jectory air parcels between their passage through 800hPa
and their individual LCPs, i.e., all positions in longitude and
latitude at every 10min time step between these passages,
regardless of altitude. Figure 4d shows an average over all
years, Fig. 7 shows the results for the individual years. Fig-
ures 4e and 8 show the density distribution function for the
passages through 800hPa in the same manner. All values are
normalized such that a horizontally uniform distribution cor-
responds to a value of 1 at every grid point.
The “tropospheric transit region” shown in Fig. 4d corre-
lates with the tropospheric ozone and OH minimum areas
discussed above (Fig. 4a–c). This correlation results in a dis-
proportionately large global impact of the OH minimum, in
spite of the relatively small size of the minimum. Combin-
ing the transport calculations from ATLAS with the chem-
ical ﬁelds from GEOS-Chem shows that the average OH
concentration for all air masses that ascend into the strato-
sphere globally (during transport from the boundary layer
to the LCP) is only 57% of the average OH in the 80◦ W
to 100◦ E and 10◦ S to 10◦ N area (outside of the OH min-
imum). The average OH concentration for the troposphere-
to-stratosphere transport was determined by interpolating the
GEOS-Chem OH ﬁelds on all trajectory positions at every
10min time step used for Fig. 4d and averaging over all po-
sitions.
Some interannual variability can be seen in Figs. 7 and
8, but there is no clear relation to the ENSO index. The
crucial features, like a maximum in the density distribution
in Fig. 7 between 120◦ E to 180◦ E, are robust. In this pa-
per, we only performed GEOS-Chem model runs for 2009.
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2011, individual results for 2009 in Figs. 7 and 8. (d) Density distribution function of the horizontal positions of the trajectories between
the boundary layer and the LCPs. (e) Density distribution function of the horizontal positions of the last contact with the boundary layer.
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Atmos. Chem. Phys., 14, 4827–4841, 2014 www.atmos-chem-phys.net/14/4827/2014/M. Rex et al.: A tropical West Paciﬁc OH minimum 4833
January April
July October
2005
2006
2007
2008
2009
0 180
20
0
-20
Longitude [deg E]
L
a
t
i
t
u
d
e
 
[
d
e
g
 
N
]
20
0
-20
20
0
-20
20
0
-20
20
0
-20
0 180 0 180 0 180
Fig. 5. Monthly mean tropospheric ozone columns from TES for January, April, July and October for the years 2005–2009 as a function of
longitude and latitude. Color scale in DU see Fig. 4a.
0 100 200 300
2
4
6
8
10
12
14
16
Longitude [deg E]
P
r
e
s
s
u
r
e
 
a
l
t
i
t
u
d
e
 
[
k
m
]
O
H
 
[
p
p
t
]
0
0.1
0.2
0.3
0.4
0.5
0.6
Fig. 6. Cross section of equatorial OH mixing ratio proﬁles (24h
means) modeled with GEOS-Chem, averaged over the ﬁrst half of
October 2009. The area between the green lines denotes the re-
gion of the OH minimum in Fig. 4c. The area between the red
lines shows the longitudinal extent of the NASA DC-8 ﬂights of
the PEM-Tropics B campaign (which were not always directly at
the equator).
The interannual variability of the stratospheric input of short-
lived species will be examined in a future study.
5 Lifetimes of chemical species
Figure 4h shows the distribution of the transit times between
800 hPa and the LCP for the trajectories from Fig. 4d in units
of the percentage of the trajectories per bin width. Its dis-
tribution overlaps the chemical lifetimes of relevant species
such as dibromomethane (CH2Br2) and sulfur dioxide (SO2).
Hence the fraction of these species that reach the LCP is sen-
sitive to the OH concentrations along their trajectory paths.
For further discussion we deﬁne an “OH minimum area”
(125◦ E to 140◦ E) and an “outside minimum area” (80◦ W
to 100◦ E) in the inner tropics (10◦ S to 10◦ N). In the “OH
minimumarea” the minimumozone columnis only 28% and
the minimum OH column is only 22% of the respective aver-
age column in the “outside minimum area”. This has a large
impact on lifetimes of chemical species in that region.
5.1 Halogenated species
Short-lived halogenated species are believed to contribute to
the stratospheric halogen budget and to amplify polar ozone
loss (WMO, 2011). In particular, bromine species are mainly
produced by natural biological activity in the oceans (Quack
and Wallace, 2003; WMO, 2011). Sources include macroal-
gae (kelp, seaweed) and phytoplankton (Quack and Wallace,
2003). Increasing seaweed farming in Southeast Asia, which
has been proposed for carbon dioxide sequestration, could
contribute to increasing emissions in the future (Martinez-
Aviles et al., 2010). In addition, climate change will probably
lead to changes in tropospheric OH abundance and halogen
emissions (Hossaini et al., 2012).
Short-lived bromine species are thought to contribute
roughly 5ppt (about 25%) to the stratospheric bromine load-
ing, but with large uncertainties ranging from 1ppt to 10ppt
in different studies (e.g., Warwick et al., 2006; Liang et al.,
2010;Hossainietal.,2013;AschmannandSinnhuber,2013).
Bromine is responsible for a signiﬁcant part of the heteroge-
neous ozone depletion in polar spring (WMO, 2011). The
most important of the short-lived species are CHBr3 and
CH2Br2. While CHBr3 is mainly destroyed by photolysis,
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Fig. 7. Density distribution function of the horizontal positions of the trajectories between the boundary layer and the LCPs for all years from
2002–2011. The values are normalized such that a horizontally uniform distribution corresponds to a value of 1 at every grid point. Contours
as in Fig. 4d.
CH2Br2 is mainly destroyed by reaction with OH (e.g.,
WMO, 2011).
The amount of CH2Br2 left at the LCP is a lower limit
for the amount of bromine from CH2Br2 reaching the strato-
sphere: While many of the product species of the degrada-
tion are soluble and are subject to washout, unsoluble prod-
uct species and soluble species not washed out can contribute
to the stratospheric bromine budget. There are still large un-
certainties in the chemistry, washout and adsorption of the
product gases of brominated species (e.g., Liang et al., 2010;
WMO, 2011; Aschmann and Sinnhuber, 2013).
In addition, emissions are uncertain and emission sources
are highly variable in time and space (e.g., Quack and Wal-
lace, 2003; Warwick et al., 2006; Liang et al., 2010; WMO,
2011; Hossaini et al., 2013). However, tropical and coastal
regions are thought to play an important role (e.g., Quack and
Wallace, 2003; Warwick et al., 2006; Liang et al., 2010). Nu-
merous modeling and measurement studies have tried to bet-
ter constrain emissions and input into the stratosphere (e.g.,
Warwicketal.,2006;Liangetal.,2010;Hossainietal.,2013;
Aschmann and Sinnhuber, 2013).
Hence, we will show conceptual results for the lifetime
andthelossrelativetotheinitialmixingratioat800hPahere,
which are robust quantities.
Figure 4f shows the large difference in CH2Br2 lifetime
at 500hPa inside and outside of the “OH minimum area”.
For the calculation of the lifetimes the reaction with OH and
the photolysis were taken into account. Reaction rate con-
stants from Sander et al. (2011) and daily-mean photolysis
rates calculated by TUV (Tropospheric Ultraviolet–Visible
Model, Madronich and Flocke, 1999) were used. The cal-
culated lifetimes correspond to conditions at 500hPa above
the Equator on 1 October. OH concentrations (24h means)
were assumed to be 7×105 moleculescm−3 (0.05ppt) and
24×105 moleculescm−3 (0.18ppt), respectively. These val-
ues represent the minimum and maximum values determined
by the GEOS-Chem model at 500hPa above the Equator
(near 135◦ E and 0◦ E, respectively). Under these conditions,
the lifetime of CH2Br2 is determined almost completely by
the reaction with OH, because the photolysis contributes less
than 1% to the CH2Br2 loss.
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Fig. 8. Density distribution function of the horizontal positions of the last contact with the boundary layer for all years from 2002–2011. The
values are normalized such that a horizontally uniform distribution corresponds to a value of 1 at every grid point. Contours as in Fig. 4e.
Figure 9 shows that for “outside minimum area” condi-
tions only 30% of the air masses preserve more than 80%
of the dibromomethane present in the boundary layer, com-
pared to 68% for “OH minimum area” conditions. Calcula-
tions were performed with the same photochemical model as
above. The box model was run along each trajectory reaching
the stratosphere from the set of trajectories used in Sect. 4.
The model was run between 800hPa and the Lagrangian cold
point and results were averaged over all trajectories. The per-
centage of the CH2Br2 reaching the stratosphere was deter-
mined by dividing the CH2Br2 mixing ratios at the LCP by
those at 800hPa. Temperatures along the trajectories were
taken from the ERA-Interim reanalysis. OH was determined
from the October GEOS-Chem ﬁeld by averaging model re-
sults longitudinally over 125◦ E–140◦ E for the “OH hole”
conditions and 80◦ W–100◦ E for the “outside hole” condi-
tions to give 2-dimensional latitude-pressure ﬁelds. These
values were interpolated on the trajectories.
5.2 Sulfur dioxide
Furthermore, model calculations suggest a larger impact of
increasinganthropogenicemissionsofSO2 inSoutheastAsia
(Thomason and Peter, 2006) or of weak-to-moderate vol-
canic eruptions (Hofmann et al., 2009; Vernier et al., 2011)
on the stratospheric sulfur and aerosol budget in case of low
OH values. Stratospheric aerosol is a key element for strato-
spheric chemistry and has been suggested as a possible con-
tributor to the recently observed decrease in global warming
rates (Solomon et al., 2011).
Figure 4g shows gas phase SO2 lifetimes inside and out-
sideofthe“OHminimumarea”inthesamemannerasFig.4f
for CH2Br2, now only considering the reaction of SO2 with
OH.
Figure 10 shows the impact of the OH minimum on the
aerosol distribution derived from the AER aerosol model
(Thomason and Peter, 2006; Weisenstein et al., 1997). For
“OH minimum” conditions, the aerosol surface area density
in the upper free troposphere drops by up to 25% (due to
less efﬁcient conversion of SO2 into sulfate), while that in
the lowermost stratosphere increases by more than 5% (due
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viving the transport through the troposphere for “outside minimum”
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Fig. 10. Percent difference in aerosol surface area densities between
runs of the 2-D AER model for “OH minimum” and “outside mini-
mum” conditions, as a function of altitude and latitude.
to increased SO2 transport into the stratosphere and conver-
sion into sulfate at higher altitudes).
These calculations were carried out for background SO2
ﬂuxes, corresponding to less than 50ppt of SO2 in the tropi-
cal boundary layer. The impact in the stratosphere well above
the tropopause is limited because of the large and mainly un-
changed contribution of COS. But anthropogenic SO2 emis-
sions from Southeast Asia and from dense ship trafﬁc in the
Paciﬁc can substantially enhance surface SO2 levels above
background conditions, such that their relative contribution
to the stratospheric sulfur budget is larger. Our ﬁndings
suggest that increasing SO2 emissions from Southeast Asia
(Thomason and Peter, 2006) contribute to aerosol formation
in the upper tropical troposphere and lower stratosphere and
may contribute to the long term increase in aerosol loading
observed there (Vernier et al., 2011). However, global model
studies with an interactive stratospheric aerosol scheme and
with a model that includes the OH minimum in the tropical
West Paciﬁc are required to quantify the effect.
Compared to background conditions, the effect of low
OH values on stratospheric aerosol will be much more pro-
nounced in the event of weak-to-moderate volcanic eruptions
depositing much larger amounts of SO2 into the upper tropo-
sphere from where it can be transported into the stratosphere
(Hofmann et al., 2009). The presence of the OH minimum fa-
cilitates the transport of SO2 into the stratosphere if volcanic
injection occurs into the troposphere of that region. Hence,
such smaller eruptions, which often do not directly inject sul-
fur into the stratosphere, may be more relevant for climate.
6 Discussion and conclusions
Our ﬁndings show that emissions of various chemical species
in the region of the tropical West Paciﬁc are more likely to
reach the stratosphere than elsewhere. This is due to both
increased lifetimes of chemical species in that geographical
region and to preferred transport of air from that area into the
stratosphere.
Measurements of ozone sondes, satellite instruments, li-
dar and FTIR instruments show a pronounced tropospheric
ozone minimum in the tropical West Paciﬁc (see Figs. 4a,
5). In particular, ozone sonde measurements conducted by us
during the TransBrom cruise with the RV Sonne along 140–
150◦ E in the center of the West Paciﬁc warm pool in October
2009 show ozone proﬁles below the detection limit through-
out the troposphere (Fig. 1). This implies a corresponding
OH minimum via Reaction R1 and R2.
In the light of the very limited availability of OH mea-
surementsinthisregion,wehaveperformedsimulationswith
the GEOS-Chem Chemistry and Transport Model for Octo-
ber 2009. These simulations show a pronounced minimum in
the tropospheric column of OH. There is some uncertainty
in this modeling result (e.g., due to uncertainties in cloud
cover or water vapor), but the few existing OH measurements
agree well with our model results. One particular measure-
ment with very low OH from the STRAT campaign could be
attributed to a West Paciﬁc air mass (Fig. 2). Direct observa-
tions of OH are not available in the tropical West Paciﬁc, but
will eventually be needed to ﬁrmly establish the abundance
of this key species in that region. Low OH values increase
the lifetime of species that are primarily removed by reaction
with OH in the troposphere.
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We ﬁnd that the tropical West Paciﬁc is the major source
region for stratospheric air. We performed trajectory calcula-
tions with the Lagrangian ATLAS Chemistry and Transport
Model for 2002–2011 showing that air reaching the strato-
sphere passes through the troposphere in the same region
where the inferred OH minimum is located (Figs. 4d and 7).
We performed conceptual model simulations that show the
effect of the OH minimum on short-lived species at the ex-
ample of CH2Br2 and SO2. The lifetime of CH2Br2 increases
from 55 to 188 days between OH maximum and minimum
conditions, and the gas-phase lifetime of SO2 increases from
5 to 18 days. Changes in these species are relevant, since
CH2Br2 isoneoftheshort-livedbrominatedspeciesthatcon-
tribute to the stratospheric halogen budget and is responsible
for part of the stratospheric ozone depletion, and SO2 is one
of the source gases of the stratospheric aerosol layer.
The tropospheric OH minimum also impacts global life-
timesofthosegreenhousegasespredominantlylostbychem-
ical breakdown in the troposphere. This is the case for most
of the HCFCs. The local lifetime of these species (e.g.,
CH3CCl3) is inversely proportional to OH concentrations
and hence a factor of 3.5 longer in the OH minimum area
as compared to outside the minimum OH region. This can
increase the global lifetimes and hence the global warming
potential of these species.
Direct observations of OH in the tropical West Paciﬁc are
required to more robustly assess the extent and depth of the
OH minimum. At present it is unclear whether there is a re-
lationship between global warming and possible changes in
the low OH and ozone region. Changes in tropical convection
due to rising sea surface temperatures, increased upwelling
through the tropical tropopause, as has been suggested by
some climate models (WMO, 2011), and increased anthro-
pogenic emissions of hydrocarbons can in principle all af-
fecttheprocessesdiscussedhere.Potentialclimatefeedbacks
arising from such changes need to be carefully assessed.
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Appendix A
Ozonesonde measurements
Ozone soundings were carried out following standard opera-
tion procedures with sondes manufactured by EnSci Corpo-
rationattachedtoGrawDFM-97radiosondes.Theozoneson-
des were stored and prepared in an air-conditioned room at
approximately 26 ◦C room temperature and 60% relative hu-
midity. During preparation at the ground no difference in the
cell current could be detected between measurements of am-
bient air and measurements with an ozone ﬁlter attached to
the sonde. Two different ozone destruction ﬁlters were at-
tached to the ozonesonde for all six soundings between 15◦ N
and 8◦ S. These ground measurements were repeated both
outside and in the air-conditioned room. The ozone destruc-
tion ﬁlters were always stored in the low relative humidity
environment and one of them was never taken outside, mak-
ing any adverse effect of high humidity on the efﬁciency of
the ﬁlters very unlikely. In the stratosphere all ozonesondes
measured normal tropical ozone proﬁles. The signal from
most ozonesondes could be received by the ground station
during descent after the burst of the balloon and ozone read-
ings returned to values below the detection limit of the sensor
when the sensor reached the troposphere again.
During the standard preparation of an ozonesonde at the
ground electrochemical (ECC) ozone sensors exhibit a sig-
niﬁcant background current. The time evolution of that back-
ground current during the balloon ascent is not known and
recommendations how to correct for the background current
range from assuming a constant background throughout the
sounding (recommended in the operation manual from EnSci
corporation) over assuming a falloff of the background cur-
rent as a function of pressure (recommended in the operation
manual from Vaisala) to assuming that the background cur-
rent drops to zero soon after launch (Vömel and Diaz, 2010).
Figure A1 shows one example of an ozone proﬁle from the
inner tropics derived from the cell current based on all three
assumptions. The real evolution of the background current is
unknown at present, because it has never been measured dur-
ing ﬂight. Until such measurements are available for a wide
range of meteorological conditions the unknown evolution of
the background current contributes to the uncertainty of ECC
ozonesonde measurements at very low ozone concentrations
and actually deﬁnes the detection limit of such sensors. Once
the cell current falls below the background current (that has
been measured before launch) the measurement is compati-
ble with zero ozone concentrations. For portions of the pro-
ﬁle where the cell current is below the background current
that has been measured on the ground, a robust upper limit
of ozone is deﬁned by the ozone values that are calculated
directly from the cell current without subtracting any back-
ground current. Based on these considerations and typical
background currents, the detection limit of ECC ozonesonde
sensors is around 15ppbv in the upper free troposphere and
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Fig. A1. Tropospheric ozone proﬁles at 33.5◦ N (black, 11 October)
and at 10.5◦ N (red, 16 October). The shading illustrates the effect
of different assumptions on the evolution of the background current
during the sounding on the ozone mixing ratios calculated from the
cell current. The lowest values (left hand edge of the shading) result
from subtracting a constant background current, the highest values
(right hand edge) from assuming that the background current drops
to zero immediately after the launch, i.e., from not subtracting any
background. The lines reﬂect the results from subtracting a pressure
dependent background current (see text).
at the tropopause. The ﬁgures in the paper show the results
based on Vaisala’s recommendation for a pressure dependent
background current and the shading in Fig. 1 illustrates the
detection limit for typical background currents. Figure A1
shows that for most of the troposphere the ozone mixing ra-
tios based on this method are very close to the upper limit
that follows from completely ignoring the background cur-
rent (the right edge of the shading).
The analysis of ozonesonde data from CEPEX was based
on the subtraction of a constant background current, an ap-
proach which is now believed to result in a signiﬁcant un-
derestimation of ozone at low concentrations (Vömel and
Diaz, 2010). For our measurements this approach would re-
sult in negative ozone readings throughout large parts of the
middle to upper troposphere (the left edge of the shading
in Fig. A1), illustrating how signiﬁcantly lower the tropi-
cal measurements during TransBrom were, compared to the
CEPEX measurements further east.
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